Complex parenteral dosage forms such as subcutaneous implants and liposomes are often associated with diffusion or erosion-based release mechanism of the drug product. One such formulation is INFUSE® Bone Graft. It involves release of a recombinant human bone morphogenetic protein (rhBMP-2) from a biodegradable absorbable collagen sponge (ACS) scaffold. In order to characterize the release of rhBMP-2 from ACS or other scaffolds in a biorelevant media, a simple, precise and accurate stability-indicating high-performance liquid chromatography (HPLC) method was developed and validated. The total run time of the method was 9 min, and the rhBMP-2 retention time was 3.44 min. The dynamic range of the assay was determined to be 0.50-100μµg/mL. The limit of detection (LOD and quantification (LOQ) were observed to be 0.18μµg/mL and 0.50μµg/mL, respectively. Reverse predicted residuals, inter-day accuracy and inter-day precision were all less than 10% including at the LOQ. Forced degradation studies revealed no chromatographic interference from excipients, media or degradant peaks. Mass spectrometric detection was used for further characterization of rhBMP-2 glycoforms in the formulation. Oxidation and deamidation were predicted as the most common degradation mechanism for the protein. The developed method was applied for studying release-testing samples from a novel biorelevant in vitro drug release model (BIVDR). In conclusion, the HPLC-based assay method can be used for studying rhBMP-2 concentrations released from an ACS scaffold in dissolution media.
non-covalent binding of the rhBMP-2 protein to the collagen sponge. The final indication is then applied at the site of trauma or for oral surgery by the clinician [7] . Bone regeneration at the intended site (sinus lift, trauma or spinal fusion) occurs by controlled and extended release of the rhBMP-2 protein from the biodegradable scaffold (ACS). 'Biorelevant' in vitro dissolution or drug release tests act as a surrogate quality control tools for performance verification of the pharmaceutical formulation and ensures minimal inter-batch variability [8, 9] . It helps in establishing clinically relevant specifications. These release tests for 'novel' formulations such as implants, help in investigating the effects of physiological variables on the release mechanism of drugs at the complex site of action. Additionally, these tests will assess and compare the in vitro release of rhBMP-2 to the available in vivo data, and ultimately establish an In Vitro In Vivo Relationship (IVIVR). In our in vitro studies, a biorelevant release media using modified Hank's balanced salts solution (modified by removal of phenol red and sodium bicarbonate components) was used [10] . In order to analyze the rhBMP-2 release samples in biorelevant media, a reliable, precise, accurate and stability indicating high-throughput assay method was required. Previous measurements of rhBMP-2 relied upon enzyme-linked immunosorbent assays (ELISA). However, the limited linear range (62.5-4000 pg/mL) for the ELI-SA requires expansive dilutions (i.e., 104~106 dilution for release samples) and are not applicable to the release studies, which result in much higher concentrations (i.e., within our validated range of 0.50 -100 µg/mL). Given that other early analytical work has shown the use of a reversed phase (RP) C4 resin for the extraction and purification of the rhBMP-2 protein from CHO cell lines, growing in cell culture media [11, 12] , this offers a starting point to developing an RPLC-UV method.
The objective of this current paper is to develop and validate a stability-indicating HPLC assay method which is: a) time and cost effective, b) can be reliably used for direct analysis in the range (2-100 µg/mL) and c) the validated method must be able to quantify rhBMP-2 from ACS into release media or labeled claim of the active pharmaceutical ingredient. Validation of the developed method focused on evaluations of linearity, intra-day and inter-day precision, intra-day and inter-day accuracy, recovery, and system suitability. Effects of forced degradation conditions have also been assessed in this work, to detect the presence of any potential chromatographic interfering compounds in the formulation such as excipients and release media. Forced degradation studies involved studying effects of acid, base, oxidation, and temperature (thermal degradation) based stress conditions on the drug substance.
Experimental 2.1. Chemicals and Reagents
INFUSE® Bone Graft components were donated by Medtronic (Minneapolis, Minnesota). HPLC grade Mobile phase components a) Acetonitrile was purchased from VWR (Radnor, PA), b) water from Fisher Scientific (Waltham, MA USA) c) trifluoro acetic acid (TFA) was purchased from EMD Millipore (Massachusetts). Modified Hank's Balanced Salt Solution (without phenol red and sodium bicarbonate) [10] and 4-(2-hydroxy-ethyl)piperazine-1-ethanesulfonic acid (HEPES buffer, 1 mM) were purchased from Sigma-Aldrich (St. Louis, MO). Polyethersulfone syringe filters (0.45 µm, Whatman) that were used to filter the prepared modified HBSS were purchased from VWR (Radnor, PA). Protein biocompatible inserts for use in HPLC of rhBMP-2 samples were purchased from MicroSolv (Eatontown, NJ). ProteinLoBind tubes were purchased from Eppendorf (Hauppauge, NY). Agilent Zorbax 300-SB C3 column was donated by Agilent technologies. Phosphate buffer saline was obtained from Sigma-Aldrich (St Louis, MO).
Equipment and Software
An Agilent 1260 Infinity HPLC was used for the method development and validation of rhBMP-2. The equipment consisted of modules of a thermostat controlled autosampler tray, a binary pump, and a photodiode array detector. Chemstation software (version: C.01.07) was used for the instrument control and data processing. The pH of the buffers and solution was measured using TruLab pH1310 (YSI, Inc., Yellowsprings, OH). The mass spectrometric detection/ characterization of the peak-trapped samples before and after forced degradation were performed on an AB Sciex 4000 Qtrap (Framingham, MA) LC-MS/MS system. The software used for control and data acquisition was Analyst software (1.5.2). For protein deconvolution algorithm, BioanalystTM (1.4) -Bayesian protein reconstruct tool was used.
Preparation of Mobile Phase, Stock Solutions, Calibration Standards And Quality Controls
The aqueous mobile phase consisted of water with 0.1% TFA and the organic mobile phase consisted of 90% acetonitrile with 0.1% TFA. Hanks Balanced Salts Solution (HBSS) is a media, which has often been used in tissue culture and has comparable ion concentration and osmolality to human plasma [10] . Hence, it was selected to simulate biorelevant release media conditions [10, 13] . As previously shown [10] , Modified HBSS was prepared by addition of 9.8 g of HBSS powder to 975 mL of water and 25 mL of 1M HEPES [10] . rhBMP-2 protein has been shown to be most stable at a pH of 4.5 (reduced aggregation and denaturation [14] ) and hence the pH was adjusted for sample injection. After preparation, the solution was filtered through a 0.45 µm filter and stored at 4°C. Stock solutions of 200 µg/mL, 100 µg/mL, and 10 µg/ mL were prepared in the biorelevant release media to cover the entire range of the calibration curve from 0.5 µg/mL -100 µg/mL. A series of calibration curves were prepared with nine calibration levels equally distributed throughout the dynamic range: 0.5, 1.25, 1.5, 5, 10, 25, 50, 75, and 100 µg/mL respectively. Quality control standard levels were selected bracketing the expected release range at 7.0, 20 and 45 µg/ mL respectively and the LLOQ at 0.5 µg/mL and prepared from a separate stock solution than what was used for the calibration curves. Minimal sample preparation step was required (i.e., vortex and centrifugation). The release samples were thawed to room temperature, vortexed for 1min, centrifuged on a tabletop centrifuge and aliquoted into biocompatible inserts for injection.
Chromatographic Method Development Conditions
In silico characterization of rhBMP-2 was initiated using the sequence of the dimer for human BMP-2 from UniProt to evaluate hydrophobicity [15] . ExPaSy ProtParam by Swis-sProt was used as a software tool for a baseline theoretical prediction of the physicochemical characteristics such as isoelectric point (pI) and hydropathicity [15, 16] . Chromatographic retention of a protein can be significantly affected by its hydrophobic nature and dimension. A grand average of hydropathicity (GRAVY) score of -0.56 and pI of 8-9 was calculated by ProtParam [15] . Hence taking into consideration the hydrophobicity of the protein, the size of the dimer molecule, and pI of the protein, an HPLC column with the following parameters was selected: a C3 column, 250 mm x 2.1 mm, 5 µm, 300 Å was selected (Agilent Technologies, Santa Clara, CA). Method development and optimization studies entailed sequentially evaluating the process variables based on the peak area response, column efficiency, peak shape, and robustness. Crucial optimization parameters that were assessed were: a) gradient profile adjustment to reduce the retention time, b) combination of optimal velocity (i.e., flow rate) to minimize band broadening c) sample injection pH d) sample volume and e) column temperature. Recombinant human BMP-2 has been found to be sensitive to pH changes. In the body, it is released at the site of fracture healing as a chemotactic and osteoinductive agent in an acidic pH microenvironment [17, 18] . An in-depth pH study relative to the physical stability and conformation maintenance of rhBMP-2 in Luca et. al shows that the aggregation and denaturation behavior of rhBMP-2 depends heavily on it's media pH [14] . Therefore, pH studies with respect to response area and column efficiency were critical for analysis reproducibility. Since pH 4.5 gave the best results, the response area and column efficiencies at pH 2, 6 and 7 were normalized with respect to values at pH 4.5. The column efficiencies in all cases were > 2000 as required by USP guidelines [19] . Results of pH vs. normalized response area percentage and normalized column efficiency percentage have been shown in Figure 1 . Diode array detection wavelength for rhBMP-2 was selected by optimization of a combination of factors: a) wavelength (202 nm-220 nm), b) bandwidth (4 nm-20 nm) and c) reference wavelength (280 nm-360 nm). These parameters were finalized based on a good signal to noise ratio, rhBMP-2 peak shape, and optimized resolution between the drug product and major degradant peak during forced degradation stability analysis. Recovery studies were also performed in water and phosphate buffered saline (PBS) and compared to biorelevant media. Peak purity analysis was performed using Chemstation software (Version: C.01.07) and the threshold for passing peak purity was 990 out of 1000 for a pure peak.
Method Validation
The method was validated similarly to the FDA Bioanalytical guidelines [20, 21] due to Hanks' balanced salts solution plasma simulation [10] and it being a cell culture medium. Quality control sample concentrations were selected based on preliminary results of release testing. Validation experiments consisted of selectivity, linearity, precision and accuracy, recovery, and limit of quantification. Six calibration curves were prepared and evaluated for linearity. A polynomial regression model (R 2 > 0.99) with least squares regression was used for the calibration curve based on chromatographic peak area vs. concentrations of the drug substance. The simplest model was chosen based on the accuracy data of the calibration points (i.e., back-calculated values), The limit of detection was calculated using five times the signal to noise ratio. Furthermore, the limit of quantification was evaluated as ten times the signal to noise; however, a higher
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Research Article experimental value, which could be reliably and repeatedly quantified with an accuracy of 80-120 % and a relative standard deviation (RSD) of < 15% was selected (0.5 µg/mL). Intra-day and inter-day precision and accuracy were calculated for three batches (n=9). System suitability (SST) was evaluated using (n=6) replicate injections of rhBMP-2 at a concentration of 20 µg/mL. Criteria for passing SST was 2% relative standard deviation percentage for precision, column efficiency (> 2000), and a tailing factor < 2, according to USP guidelines for method validation of chromatographic methods [19] . Recovery studies were performed in water and PBS and also in modified HBSS by spiking pre-analyzed QC samples with known concentrations of the drug substance.
Stability Of rhBMP-2
Proteins tend to aggregate at low concentrations and are highly labile to minor fluctuations in temperature; therefore, evaluating the stability of rhBMP-2 was critical for the in vitro release experiments. Stability studies were carried out at two different concentrations (2 µg/mL and 15 µg/mL, respectively), three different temperatures (i.e., 4°C-autosampler temperature, 22°C-room temperature, and 37°C-physiological body temperature). Incubation was performed at two-time points: 12 h and 24 h, respectively. Storage stability and freeze-thaw cycle stability studies (1 and 2 cycles) were also carried out at -20°C and -70°C, respectively.
Stability Indicating Method Conditions
Stability studies are a crucial part of method validation studies to determine the presence of interfering degradant products, which might appear in the formulation during bioprocessing, storage, handling, and/or transportation. They also shed light on the degradant detection and resolution ability of the optimized method. Therefore, it is necessary to investigate the stability of rhBMP-2 in the biorelevant media during the in vitro release testing process. The conformation and stability of a protein are a measure of its therapeutic value [22] . Stress testing for the drug substance was performed using acidic (0.1M HCl), basic (0.1M NaOH), oxidative (i.e., peroxide-30%) and temperature (70°C) at 24 h, 48 h, and 72 h stress conditions, respectively at a concentration of 45 µg/ mL. Since no degradation products were observed initially with the method's 9min run time, the run time was increased to 20min to help in the detection of possible late eluting degradation products [19] .
Differential Isoforms of recombinant human Bone Morphogenetic Protein-2 (rhBMP-2)
rhBMP-2 is a chemo-attractant molecule that is both osteoinductive and osteoconductive [23] . Endogenously, it attracts the mesenchymal stem cells to the site of trauma and injury to facilitate the process of bone regeneration. rhBMP-2 is most commonly cloned in Chinese Hamster Ovary(CHO) cell lines. Since the folding and conformation of a protein is central to it being therapeutically bioactive, CHO cells are adept at post-translationally processing the BMP-2 homodimer [24] . This results in six distinct isoforms of BMP-2 each of which can have varying combinations of 5-9 mannose units per monomer attached to its N-linked glycosylation site [11] . Each monomer of rhBMP-2, depending upon its post-translational processing, could either begin with a glutamine at position 283 (Q283) or with an additional 17 amino acids with a threonine at position 266 (T266). Glutamine conversion to pyroglutamate at physiological pH and in solution at the N-terminal end is often observed in proteins and hence also in rhBMP-2. The glutamine undergoes cyclic conversion to pyroglutamate (Q'283) leading to a loss of -17.03 Da [25] . However, since the rhBMP-2 is a dimeric molecule, about 6 different isoforms are possible. Each of these isoforms can, in turn, contain a combination of 5-9 mannose residues on each of the monomer, giving rise to heterogeneity and complexity in the protein. All the post-translationally modified isoforms of rhBMP-2 are found in the drug formulation and have 
Qualitative characterization of rhBMP-2 glycoforms and forced degradation products using mass spectrometry
An exploratory mass spectrometry survey was carried out on the peak-trapped samples from the HPLC, for qualitative characterization of the changes affecting the rhBMP-2 molecule. The rhBMP-2 drug product (both non-stress treated and stress treated (as mentioned in section 2.7) samples were injected into the Agilent 1260 Infinity HPLC at a concentration of 45 µg/mL. The rhBMP-2 peak, degraded peak 1(DP1) and degraded peak 2(DP2) (as shown in Figure 4A -D) were peak trapped and collected in low protein bind eppendorf tubes. These were injected by direct infusion at 15 µL/min into AB Sciex 4000 Qtrap mass spectrometer. The difference in molecular weights (based on m/z) between the control samples (samples which had not been subjected to stress/forced degradation) and peaks trapped from acid, base, peroxide and temperature subjected stressed samples were investigated. An Enhanced Multi-Charge (EMC) scan mode was selected over a Q1 MS mode during mass spectral characterization since rhBMP-2 drug product is a relatively large protein molecule (29 kDa-32 kDa) which acquires multiple charges during the ionization mode and has multiple isoforms. The EMC scan mode in 4000 Qtrap facilitates the transfer of multicharged ions only and the low charged ions escape out of the linear ion trap (LIT) during the set delay time. Although there is some loss of multiply charged ions during this delay time; the loss of singly charged ions are much more in relative comparison. A scan range of 1200-2800 m/z was selected. Q0 trapping was switched on and LIT fill time of 10ms was applied as well as a Q3 empty time of 30 ms. The MCS barrier was set at 3V; declustering potential at 57V and collision energy at 55V. Infusion rate was set at 15 µL/min. Since the formulation is a complex mixture of isoforms of the protein, initial tuning of the method was focused on acquiring a maximum of signal/noise ratio and reproducibility for the dominant ions. The mass spectra were deconvoluted using Bioanalyst software and the Bayesian protein reconstruct algorithm. The deconvolution results were then interpreted using the Glyco-Mod tool of ExPASy (SIB Bioinformatics Resource Portal) to calculate the number of mannose units present on the intact protein [27] .
Results and Discussion
Method Development
A stepwise gradient profile was used with the following conditions: initially at 70%-0.1% TFA (Mobile Phase A) and 30%-90% acetonitrile with 0.1% TFA (Mobile Phase B; followed by 0.2-1.7 min. increased to 85% Mobile phase B; 3.5 -5 min. at 95% (Mobile phase B); and finally, 7-9 min. re-equilibration at initial conditions (70% Mobile Phase A). The gradient was run in a combination with velocity between 0.4 mL/min to 0.5 mL/min with a total run time of 9 min and an rhBMP-2 peak retention time of 3.44 min. The run time was kept longer to ensure a robust method was in place for release studies. The pH of the media is crucial to the stability of rhBMP-2, chromatographic studies were conducted for improvement of peak shape, peak area response and column efficiency with injection sample pH at 2 (pH matching with mobile phase pH 2), 4.5, 6 and 7.4. Figure 1 shows the normalized response area and column efficiency vs. sample injection pH. It was observed that the optimal peak shape, area response and column efficiency during the optimization studies were at pH of 4.5. A one-way ANOVA was performed with Dunnett's multiple comparisons test. Since pH 4.5 showed the best response area and column efficiency mean values, it was used as the control column for multiple comparisons in the Dunnett's test. The results were reported as normalized percentage for both peak area response and column efficiency. The normalized mean peak response area for n=6 samples at pH 2.0 was 76.8 ± 1.8%, at pH 4.5-recorded mean was 100.0 ± 3.3 %, at pH 6 the response area showed a considerable decrease to 69.0 ± 1.4, and with a further reduction at pH 7.4 to 60.0 ±±2.2. Results of the ANOVA multiple comparison Dunnett's test showed that response area at pH 4.5 was significantly different from each pH at 2, 6 and 7.4 at a significance level of α=0.01 with (p< 0.01). The normalized percent average column efficiency calculated for n=6 samples were 97.96 ± 0.70 for pH 2; 100 ± 0.93 for pH 4.5; 95.58 ±±1.07 for pH 6 and 92.51 ± 3.12 for pH 7.4. A one-way ANOVA was used with a multiple comparisons Dunnett's test to evaluate if the mean column efficiencies were significantly different from pH 4.5. It was found that the mean of pH 4.5 was significantly different from pH 7 at a significance level α=0.01 (p< 0.01).
Peak shape, response and column efficiency with respect to column temperature was evaluated at 25°C, 37°C, 40°C and 50°C. Optimal peak shape and response area was observed at 40°C. Sample injection volume studies were also conduct-
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Research Article ed with injection volumes of 15, 20, 25, 35, 45, 55 and 60 µL in a 120 µL sample loop. Ultimately, a 60 µL injection, with minimal carryover at the higher limit of quantification, was used to obtain a linear dynamic range (0.50 to 100 µg/mL). For the DAD a wavelength of 217 nm, a bandwidth of 14 nm and a reference wavelength of 280 nm was selected to get a robust peak shape and sufficient resolution between the rhBMP-2 peak and degradant product 1(dp1).
Method Validation 3.2.1. Selectivity, Linearity, Limits of Detection (LOD) and Limits of Quantification
Selectivity for the assay was determined by testing if the formulation excipients interfered or had a similar retention time as the rhBMP-2 on the HPLC system. Each 1 mL of Infuse Bone Graft formulation consists of 1.5 mg of rhBMP-2 protein; 0.1 mg sodium chloride; 5.0 mg sucrose; 25 mg glycine; 3.7 mg L-glutamic acid and 0.1 mg polysorbate 80 [7] . Individual solutions of the excipients were prepared at the concentration that they are present in the original formulation as well as a mixture of all the excipients but without rhBMP-2 and injected into the column to observe the presence of interfering excipient peaks in the HPLC method. No interfering peaks were observed from any of the excipients. Peak purity evaluations with a cut off at 990 out of 1000 resulted in a peak purity similarity factor of 997 out of 1000; therefore, the peak was pure as by spectral comparison. Linearity was shown plotting concentration of rhBMP-2 vs. peak area response. Figure 2 is a representative chromatogram of a blank sample (A) and a 20 µg/mL concentration sample (B). A polynomial regression model was chosen for three runs (n=6), R 2 >0.99. The reverse predicted residuals from the calibration curve have been provided in Table 1 . The concentration of the reverse predicted residuals have been reported as percent difference from nominal (%DFN) and ranged from 9.67% at the LLOQ of 0.5 µg/mL to -6.27%. The LOD was calculated as five times the signal/noise ratio and was found to be 0.18 µg/mL.
Intra-day and Inter-Day Precision and Accuracy
Precision and accuracy of the method are reported in Table  2 as %RSD and %DFN respectively. Inter-day and intra-day precision for the QC's were carried out at three different levels (7 µg/mL; 20 µg/mL and 45 µg/mL) for release concentrations which were pertinent to release from the biorelevant model. A global calculation for the three different QC levels, for three runs (n=9), was estimated. %RSD was found to be from 0.64% to 1.90%. %DFN was observed to be between -3.70% to 0.14%. Precision and accuracy of the rhBMP-2 protein was also evaluated for the LLOQ at 0.5 µg/mL. Estimation of global calculation for the LLOQ (0.5 µg/mL) for all the three runs showed a %RSD of 3.49% and %DFN of 6.67%, respectively. Precision and accuracy for the individual inter-day runs have also been presented in Table 2 .
System Suitability and Recovery
System suitability helps to establish the appropriateness of the developed analytical method with respect to the chromatographic modules used on a routine basis. For the developed rhBMP-2 method, system suitability was evaluated at a concentration of 20 µg/mL with 6 replicate injections (n=6). Table 3 . A global calculation was performed for all the injections and was reported in terms of mean and %RSD for all the parameters such as precision, retention time, efficiency and tailing factor. The %RSD on precision was found to be 1.45%; retention time 0.02%; column efficiency 0.23% and tailing factor 1.75%. The validated analytical method developed for rhBMP-2 in biorelevant media was also tested for recovery of rhBMP-2 drug in water: ACN (70:30) and Phosphate Buffered Saline (PBS). Known concentration samples (20 µg/mL) were spiked with 3 µg/mL of rhBMP-2 protein (n=3 replicates). a) Water: ACN (70:30) showed a recovery% of 87.1 ± 0.2 b) PBS showed a recovery % of 100 ± 6.9 and c) in modified HBSS a recovery % of 102 ± 4.1 were observed.
Results of system suitability have been shown in
Stability of Drug Substance
Stability was evaluated at low and medium concentration levels (i.e., 2 µg/mL and 15 µg/mL) and the data are shown in Table 4 . Samples were stable when kept at 4°C (autosampler temperature), 22°C (room temperature) and 37°C (physiological body temperature). Percent recovery of the samples was within the acceptable range of 90-110% for a period of 24 h. Protein conformation (secondary and tertiary folding) stability has been known to be effected by freeze-thaw cycles, thereby leading to protein denaturation and aggregation [28, 29] . Hence, freeze-thaw stability of the samples was evaluated at the primary storage temperatures for the samples (-20°C and -80°C). The results for n=3 replicate samples are shown in Table 5 . Although the accuracy after one freeze-thaw cycle was within 10%, accuracy after two freeze thaw cycles in both -20°C and -80°C indicated a reduction by 14.8% and 17.1%, respectively. To reduce the need for more than one freeze-thaw cycle for future use, the stock samples
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Stability Indicating Studies-Forced Degradation Analysis
Forced degradation studies in the biorelevant release media helped in the characterization of rhBMP-2 drug remaining after 24 h, 48 h and 72 h under stress testing conditions. Results of the forced degradation studies have been represented in the bar graph in Figure 3 . Acid forced degradation showed a recovery percentage of 94.5 ± 2.9 %, 78.3 ± 0.9 % and 62.9 
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were significantly different. For the 24 h time point, the acid (p=0.1866), base (p= 0.0266) and the peroxide (p= 0.3163) were not significantly different from the control at 4°C but the recovery percentage of rhBMP-2 for temperature was significantly less (p ≤≤0.0001) than the control. A one-way ANOVA with Dunnett's multiple-comparisons test at a significance level α=0.01 for 48 h however, showed a greater difference in means when compared to the 48 h control at 4°C. At the 48 h time point all the means were significantly different and decreased than the control: acid (p=0.0002); base (p≤ 0.0001); 
Research Article peroxide (p=.0035) and temperature (p≤0.0001). Similarly, for the 72 h time point, the data showed a further decrease in means as compared to the control sample at 4°C for 72 h. All the stress-tested samples had significantly different and lower means: acid (p ≤0.0001); base (p ≤0.0001); peroxide (p ≤0.0001) and temperature (p≤0.0001). Temperature based stress testing also revealed the presence of three resolved degradation products (DP), which have been labeled as DP1 (retention time= 1.8 min, observed only in the 72 h stress tested sample at 70°C), DP2 (retention time= 3.8 min) and DP3 (retention time= 5.1 min). The representative chromatograms for the stress-tested samples have been shown in Figure 4(a-d) .
Qualitative mass spectral characterization of glycoforms of BMP-2 and changes observed in stressed samples during forced degradation
Recombinant human BMP-2 is expressed in Chinese Hamster Ovary (CHO) cell lines as a precursor propeptide. During post-translational processing, heterogeneity in the sequence of amino acids at its N-terminal end leads to a total of six different types of isoforms. Therefore, the rhBMP-2 formulation consists of three distinct N-terminal isoforms: a) Q283/Q283 in which both monomers are processed at the glutamine 283 sites, b) Q283/T266 one monomer processed at the glutamine site and one monomer processed at the threonine site and c) T266/T266 both monomers processed at threonine site [11] . It has also been detected that the glutamine at the N-terminal end converts into pyroglutamate (Q') in solution form in vitro and in vivo and this leads to a loss of -17.03Da [25] . The glutamate to pyroglutamate conversion results in three additional isoforms: d) Q'283/Q'283 in which both glutamines are converted into pyroglutamate e) Q283/Q'283 in which one glutamine is converted into pyroglutamate f) Q'283/T266 with one pyroglutamate and one threonine [26] .
Individually the above isoforms also give rise to a diverse range of glycoforms depending upon the number of mannose residues (generally 5-9), attached to the N-linked glycosylation site. Table 6 is a list of some of the glycoforms with their predicted and experimental molecular weights as observed in the rhBMP-2 non-stress treated control samples. The effects of stress conditions on rhBMP-2 were explored with peak-trapped samples from an Agilent 1260 HPLC that were subsequently injected onto the LC-MS by direct infusion (at 15μµL/min) into an AB Sciex 4000 Q trap. After deconvolution, a distribution is obtained covering a range of glycoforms from 29 kDa-32 kDa. The temperature-based stress treated sample showed a major decrease in response area in chromatograms and presence of degradation peaks (DP). The major degradation pathways for a protein are deamidation, oxidation, hydrolysis and reduction [30] . These reactions frequently cause chemical conversions and degradation in the protein molecule. The chemical changes lead towards inability in maintaining the essential secondary and tertiary conformation of the protein structure. Distortion in folded structure of the protein molecule eventually results in fragmentation, aggregation, and precipitation of the biotherapeutic protein [28, 30] . An in-depth survey and comparison of the deconvoluted mass spectra for the control and forced degraded samples revealed the most frequent and repetitive shifts in molecular weight was of +13 Da; +16 Da; +64 Da. The predicted structural changes associated with these observed molecular shifts were as follows: deamidation of as-paragine: deamidation of Asp leads to a gain of 0.982 Da due to the conversion of a -NH 2 group to an -OH group [31] . rhB-MP-2 has 14 asparagine (Asp) residues in its sequence. Asp residues guarded by neighboring hydrophobic and branched chain amino acids exhibit lower rates of deamidation as compared to Asp residues with neutral, polar and hydrophilic amino acids such as glycine and serine [32] . On comparison of the stressed samples to the non-stressed samples, the most frequent observation was a gain of +13 to +14 Da. It was observed that the Q283/T266 glycoform with 10 and 15 mannose residues showed an increase in molecular weight of +12.36 Da (from 30905.73 to 30919.48 Da) and +12.64 Da (from 29847.59 to 29860.22 Da), respectively. Therefore, this deamidation of 13 asparagine residues in rhBMP-2 is most likely due to the high stress temperature of 70°C for 3 days. Similar observations have also been reported in Porter et. al [26] when the protein was subjected to temperature stress at 37°C for 7 days. Further analysis by high resolution/accurate mass MS and NMR will be required to confirm the exact structural changes in the glycoforms for all the stress-treated samples.
Oxidative degradation: Another frequent pathway for degra- Table 7 . The qualitative characterization information generated from these stress studies will help in future in-depth structural conforma-dation of proteins is by oxidative degradation. The amino acids, which are most susceptible to oxidation, are methionine, cysteine, tryptophan and tyrosine [33] . Oxidation generally entails the gain of oxygen and hence, increases in the molecular weight by +16 Da; +32 Da and +64 Da depending upon the number of amino acid residues oxidized. rhBMP-2 dimer shows the presence of 2 tryptophan and two methionine residues on each monomer (hence a total of 4 tryptophan and 4 methionine on each dimer) [34] . An analysis of the molecular weights of the different glycoforms predominantly REVIEWS IN SEPARATION SCIENCES 
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Method application to samples of in vitro release study
The developed method was used to quantify release samples from a novel biorelevant in vitro release model with sample concentration well within the calibration curve requiring no dilutions. and for future rhBMP-2 product characterizations. Ini- 
Conclusion
A stability indicating method was developed and validated for the first time for quantification of rhBMP-2 protein formulation in release media. The method will help facilitate analysis and quantification of rhBMP-2 protein released from a collagen scaffold-based implant (INFUSE® Bone Graft) for release testing of implants. Future work will include use of tools such as high resolution/accurate mass (HR/AM) MS and NMR for extensive detection and characterization of specific structural and conformation changes that stress induces in the rhBMP-2 glycoprotein. This will be a step towards bridging the gap in higher order structural characterization changes induced by stress in complex biotherapeutic protein formulations and biologics.
